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We investigate B — K;(1430)K™ decays in the perturbative QCD (pQCD) factorization approach,
where B denotes B,, B, and B; mesons, respectively, and the scalar K;;(1430) is considered as a meson
based on the model of the conventional two-quark structure. With the light-cone distribution amplitude of
K;(1430) defined in two scenarios, namely Scenario 1 and Scenario 2, we make the first estimation for the
branching ratios and CP-violating asymmetries for those concerned decay modes in the pQCD factoriza-
tion approach. For all considered B — K;j(1430)K™ decays in this paper, only one preliminary upper limit
on the branching ratio of B — Kg(1430)013*0 measured at 90% C.L. by the Belle Collaboration is
available now. It is therefore of great interest to examine the predicted physical quantities at two B
factories, the Large Hadron Collider experiments, and the forthcoming Super-B facility, and then to test
the reliability of the pQCD approach employed to study the considered decay modes involving a p-wave
scalar meson as one of the final state mesons. Furthermore, these pQCD predictions combined with the
future precision measurements are also helpful to explore the complicated QCD dynamics involved in the

0(1430)K* decays in the perturbative QCD approach

light scalars.
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I. INTRODUCTION

The inner structure of the light scalars, generally below
2 GeV, has been explored by the physicists at both experi-
mental and theoretical aspects for several decades.
However, unfortunately, their underlying structure has
not yet been well established and the identification of the
considered light scalars is known as a long-standing puzzle
[1]. But, it is lucky for us that the light scalars could be
studied in the decay channels of heavy flavor B mesons,
with the rich data provided by B factories, the Large
Hadron Collider (LHC) experiments [2], and the forth-
coming Super-B factory [3,4]. Ever since the B —
f0(980)K mode was first measured by the Belle
Collaboration in 2002 [5] and then confirmed by the
BABAR Collaboration in 2004 [6], more and more channels
with p-wave light scalars in the final states of B meson
decays have been opened and more precise data have been
obtained [1]. With the gradually increasing numbers of
data samples collected in the running LHC experiments
and the forthcoming Super-B factory, it is therefore be-
lieved that as a different unique insight to the nature of the
light scalars, the B meson decays involving p-wave light
scalars will provide good places to investigate the physical
properties of light scalars. It is expected that the old
puzzles related to the nature of the scalars could receive
new attention through the studies on rare B meson decays
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involving scalars, apart from those well-known primary
tasks in heavy flavor physics.

Although the underlying structure of the light scalars is
still controversial, the scalar ay(1450) has recently been
confirmed to be a conventional gg meson in lattice calcu-
lations [7—11]. Furthermore, a good SU(3) flavor symmetry
is indicated in the scalar sector through the calculations in
lattice QCD [7] on the masses of a,(1450) and K(1430).
The evaluations on the relevant K;;(1430) modes therefore
draw more attention now. (Hereafter, unless otherwise
stated, K;; will be adopted to describe K;(1430) throughout
the paper for the sake of simplicity.) Recently, the authors in
Ref. [12] proposed two possible scenarios, namely, Scenario
1 (S1) and Scenario 2 (S2), to describe the components of
the K; meson in the QCD sum rule method based on the
assumption of the conventional two-quark structure:

(1) In S1, the lighter state x near 1 GeV is treated as the
lowest lying gg state, while the heavier state Kj
above 1 GeV is considered as the corresponding first
excited ¢g state.

(ii) In S2, Kjj is regarded as the ground ¢g state, and the
corresponding first excited state lies between 2.0

and 2.3 GeV. Then « is viewed as the four-quark
bound state or hybrid state.

The two body charmless hadronic B meson decays to the
scalar K; meson have been studied intensively, for ex-
ample, in Refs. [12—-16] by employing different factoriza-
tion approaches, respectively, or in Ref. [17] even with the
inclusion of the new physics contributions from a Z’ boson.
This year, the authors of Ref. [18] revisited the B — SP,
SV decays in the framework of QCD factorization.
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On the theoretical side, it is necessary for us to make all
possible investigations on the decay modes of the B meson
with the scalar K to identify the favorite one from the
proposed S1 and S2 scenarios, which will also be helpful to
obtain the new insights in the properties of the scalar K.
On the experimental side, however, so far only a prelimi-
nary upper limit at 90% C.L. on the branching ratio of the
B — K°K* decay has been measured by the Belle
Collaboration [19],

Br(B® — K;°K*?) <3.3 X 1076, (1)

Of course, this measurement would be improved rapidly
with the LHC experiments at CERN, and other relevant
channels considered in this work would also be observed in
the near future.

In this work, we will study the branching ratios and
CP-violating asymmetries of B — KjK* decays in the
standard model (SM) by employing the low energy effec-
tive Hamiltonian [20] and the perturbative QCD (pQCD)
factorization approach [21-23], where B stands for B, 4
and B, respectively. Based on k; factorization, the pQCD
approach is one of the popular factorization methods for
dealing with the B meson exclusive decays. In the pQCD
approach, the parton transverse momentum kr is kept in
order to eliminate the end-point singularity, while the
Sudakov factor plays an important role in suppressing the
long-distance contribution [23]. We here not only consider
the usual factorizable emission diagrams but also evaluate
the nonfactorizable spectator and the annihilation type
contributions simultaneously. As far as the annihilation
contributions are concerned, both the soft-collinear effec-
tive theory [24] and the pQCD approach can work, but with
rather different viewpoints on the relevant perturbative
calculations [25,26]. However, the predictions of the pure
annihilation decays based on the pQCD approach can
accommodate the experimental data well, for example,
for the B, — w*7~ and B" — K*K~ decays as have
been done in Refs. [27-30]. In this work, we will therefore
leave the controversies aside and adopt this approach in our
analysis.

The paper is organized as follows. Section II is devoted
to the ingredients of the basic formalism in the pQCD
approach. The analytic expressions for the decay ampli-
tudes of B — KK modes in the pQCD approach are also
collected in this section. The numerical results and phe-
nomenological analysis for the branching ratios and
CP-violating asymmetries of the considered decays are
given in Sec. III. We summarize and conclude in Sec. I'V.

II. FORMALISM

The pQCD approach is one of the popular methods used
to evaluate the hadronic matrix elements in the heavy
b-flavor mesons’ decays. The basic idea of the pQCD
approach is that it takes into account the transverse
momentum kr of the valence quarks in the calculation of
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the hadronic matrix elements. The B meson transition form
factors and the spectator and annihilation contributions are
then all calculable in the framework of the k; factorization,

where three energy scales myy, mp, and t = Jm sAqcp are
involved [21,22,31]. The running of the Wilson coeffi-

cients C;(r) with = ,/m sAqcp are controlled by the
renormalization group equation and can be calculated per-

turbatively. The dynamics below 1/mBAQCD is soft, which

is described by the meson wave functions. The soft
dynamics is not perturbative but universal for all channels.
In the pQCD approach, a B — M, M; decay amplitude is
therefore factorized into the convolution of the six-quark
hard kernel (H), the jet function (J) and the Sudakov factor
(S) with the bound-state wave functions (®P) as follows:

AB— M;M;) =Py @H®J@S®@D),, D). (2

The jet function J comes from the threshold resummation,
which exhibits a strong suppression effect in the small x
(quark momentum fraction) region [32]. The Sudakov
factor S comes from the k; resummation, which provides
a strong suppression in the small k7 region [33]. Therefore,
these resummation effects guarantee the removal of the
end-point singularities.

A. Wave functions and distribution amplitudes

Throughout this paper, we will use light-cone coordinate
(P*, P~,Pyp) to describe the meson’s momenta with the
definitions P* = (py * p3)//2 and Py = (py, p2). The
heavy B meson is usually treated as a heavy-light system,

and its light-cone wave function can generally be defined
as [21,22,34]

Dy o5 = (01b5;(0)q,i(2)| B(P))

i5i' —i(xP~ 7zt —
= 2_1<,C f dxdPkpe™ 3P ~krir)
XA(P + mp)ysdpp(x, kr)tap, 3)

where the indices i, j and «, 8 are the Lorentz indices and
color indices, respectively, P(m) is the momentum (mass)
of the B meson, N, is the color factor, and & is the intrinsic
transverse momentum of the light quark in the B meson.
Note that, in principle, there are two Lorentz structures of
the wave function to be considered in the numerical cal-
culations; however, the contribution induced by the second
Lorentz structure is numerically small and approximately
negligible [34].

In Eq. (3), ¢p(x, kr) is the B meson distribution ampli-
tude and obeys the following normalization condition:

fB
22N’
where b is the conjugate space coordinate of transverse
momentum k7 and f5 is the decay constant of the B meson.

f ' dxp(x b = 0) = )
0

094003-2



BRANCHING RATIOS AND CP VIOLATIONS OF ...

For the B meson, the distribution amplitude in the impact b
space has been proposed,

2712
b5(x, b) = Nyx2(1 — x)2 exp[—%(%)z - “’”;’ ] 5)

in Refs. [21,22], where the normalization factor Ny is
related to the decay constant f through Eq. (4). The shape
parameter w;, has been fixed at w;, = 0.40 = 0.04 GeV by
using the rich experimental data on the B, ,; mesons with
/B, = 0.19 GeV based on lots of calculations of form
factors [34] and other well-known decay modes of B, /,
mesons [21,22] in the pQCD approach in recent years. By
considering the small SU(3) flavor symmetry breaking
effect, the shape parameter w,, for the B; meson is taken
as wg = 0.50 £ 0.05 GeV [29].

The light-cone wave function of the light vector meson
K* has been given in the QCD sum rule method up to
twist-3 as [35]

DL opij = (K(P, €)14(2)5;(0)a;10)

b;i 1 .-
e ]0 dxe™ < {m-¢1 - (x)

+ £ P (X) + my- i (D}, (6)

for longitudinal polarization, where €; denotes the longi-
tudinal polarization vector of K*, satisfying P - €, = 0,
and x denotes the momentum fraction carried by the quark
in the meson.

The twist-2 distribution amplitude ¢ g+ can be parame-
trized as

3fk
J2N.

3
+all . 5 (5@x =1 = 1)]. (7)

bk (x) =

x(1 — x)[l + 3a|1|K*(2x -1

And the asymptotic forms of the twist-3 distribution am-
plitudes ¢%. and ¢+ are adopted [36],

b = LK1
K 22N, ’
8)
3fL. (
(X)) = — 2x — 1).
K (X) 2\/2TC( X )
Here fg+ and fIT<* are the decay constants of the K* meson

with longitudinal and transverse polarization, respectively,
whose values are

fx- =0.217 %0.005 GeV,

fr =0.185%0.010 GeV.
)

The Gegenbauer moments are taken from the recent up-
dates [37],

ale. =0.032002, al.=011%009. (10)

The light-cone wave function of the light scalar K has
been analyzed in the QCD sum rule method [12]
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P apij = (K5(P)]q(2) 3jq(0) 4,10
i0;; 1 )
— 2] ixP- . S
~ /AN jo dxe Z{Vfbk(;(x) + ng¢K3(x)
+ s (6 — DT (g (in

where n = (1,0, 0¢) and v = (0, 1, O) are the unit vectors
pointing to the plus and minus directions on the light cone,
respectively, and x denotes the momentum fraction carried
by the quark in the K meson.

For the light scalar meson Kj, its leading twist (twist-2)
light-cone distribution amplitude ¢ : (x, ;) can be gener-

ally expanded as the Gegenbauer polynomials [12,38]:

bl ) = sl = 0] )

i Y BuwCiex -1l a2)

m=1

where fK;;(M) and fKS(,u), B, (), and C)/*(t) are the
vector and scalar decay constants, Gegenbauer moments,
and Gegenbauer polynomials, respectively. There is a re-
lation between the vector and scalar decay constants,

My

: (13)

fK;’; = MKng;; and Mgy = m’

where m; and m, are the running current quark masses in
the scalar K. According to Eq. (13), one can clearly find
that the vector decay constant f K is proportional to the

mass difference between the constituent s and u(d) quarks,
which will result in f K; being of order m; — My(q)-
Therefore, contrary to the case of pseudoscalar mesons,
the contribution from the factorizable diagrams with the
emission of K will be largely suppressed.

The values for scalar decay constants and Gegenbauer mo-
ments in the distribution amplitudes of K have been esti-
mated at scale 4 = 1 GeV in the scenarios S1 and S2 [12]:

SI: fx: = —0.300 £0.030 GeV, B, =0.58 +0.07,
By=—120+0.08, S2: fx. =0.445=0.050 GeV,
B, =—057+0.13, By—=—0.42+0.22. (14)

As for the twist-3 distribution amplitudes ¢4. and ¢%.,
0 0

we here adopt the asymptotic forms in our numerical
calculations as in Ref. [12],

s -1 = r 1 = _
¢K3 = Wf}(g, ¢K; = Wf[(g(l 2x). (15)
Here, we should stress that the kr dependence of the
distribution amplitudes in the final states has been
neglected, since its contribution is very small as indicated
in Refs. [31]. The underlying reason is that the contribution
from k; correlated with a soft dynamics is strongly sup-
pressed by the Sudakov effect through resummation for the
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wave function, which is dominated by a collinear dynam-
ics. Another reason is just that, unfortunately, up to now,
the distribution amplitudes with intrinsic k; dependence
for the above-mentioned light mesons K* and K|; are not
available.

B. Perturbative calculations

For the considered B — KjK* decays, the related weak
effective Hamiltonian H.; [20] can be written as

Gr
V2

—W%W{iCMQQWﬂ}+HQ (16)

Ho = {V;;b Vo [C1 () 0M() + Co() 0%(0)]

with ¢ = d or s, the Fermi constant G = 1.16639 X
1073 GeV ™2, Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix elements V, and Wilson coefficients C;(u) at the
renormalization scale w. The local four-quark operators
0,(i =1,...,10) are written as

(1) current-current (tree) operators

O = (Gaug)y-aliighy)y s,

_ _ (17)
05 = (Gatta)y-allighg)y_4;
(2) QCD penguin operators
05 = (éaba)v—AZ(%CIQ;)V—A,
q,
04 = (Qabﬁ)vaZ(Qqula)VfA:
: (18)

05 = (Qaba)V—AZ(qlBQQ;)V+A’
q/

O = (%%)V—AZ(%%)VM;
q/
K, K’
B. § )

L
L
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(3) electroweak penguin operators

3 _ _
0; = E(Llaba)VfAzeq’(qlﬁq/ﬂ)VJrA’
q/
3 =1 ol
Og = E(Qabﬂ)v—f\zeq/(qlaqa)wm
q/
3 ] (19)
Oy = 5( aba)v—Azeq'(%q/ﬂ)v—A’
q/
3
O E(Qabﬁ)\/ AZB /(Qg%)v —A»

q

with the color indices a, 8 and the notations (§'q’)y—4 =
7'yu,(1 = ys)q'. The index ¢’ in the summation of the
above operators runs through u, d, s, ¢, and b. The standard
combinations a; of the Wilson coefficients are defined as
follows:

C &)
bt —c +22
3 @271 T

. 20
m=q+2ﬁu=ym, 20)

01:C2+

where the upper (lower) sign applies, when i is odd (even).

Similar to B — KK decays [15], there are eight types of
diagrams contributing to B — KjK* modes at leading
order, as illustrated in Fig. 1. They involve two classes of
topologies with spectator and annihilation, respectively.
Each kind of topology is classified into factorizable dia-
grams, in which a hard gluon connects the quarks in the
same meson, e.g., Figs. 1(a) and 1(b), and nonfactorizable
diagrams, in which a hard gluon attaches the quarks in two
different mesons, e.g., Figs. 1(c) and 1(d). By calculating
these Feynman diagrams, one can get the decay amplitudes
of B— KyK* decays. Because the formulas of B — KjK*
are similar to those of B — KjK{; [15], one can therefore

V fg& V%.
R I L [

(a) (b)

lem st b

FIG. 1 (color online).

Typical Feynman diagrams contributing to B — KjK™* decays at leading order. In this figure, B stands for B,,,

B,, and By, respectively. When we exchanged the positions of K;; and K*, the other eight diagrams contributing to the considered decay

modes will be easily obtained.
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obtain the expressions for all the diagrams just by replacing the corresponding wave functions and input parameters from
B — K;K;. So we do not present the detailed formulas in this paper.

By combining various contributions from the relevant Feynman diagrams together, the total decay amplitudes for the
considered B — K;K* decays can then read as follows:

(1) The total decay amplitudes for charged B, decays:

_ 1 1 1 1
A(B, = K KY) = A[M,1,Ci1 — )\tI:Ffs<a4 - 5010) + Fzz(% - 5“8) + Mnfs<c3 - 5C9> + Mnfs(CS - §C7)

+ Mya(Cs + Co) 4 MEL(Cs + C) + fFf2lag + ay) | @1

where A, = V¥V, and A, = V}, V4. The decay amplitude of B, — K3 K* can be obtained directly from Eq. (21) with
the replacement of K* < Kg, but without the contributions from the term F7. The reason is that the emitted vector K*
meson cannot be produced via the scalar or pseudoscalar current.

(2) The total decay amplitudes for neutral B, decays:

o ok — - i 1
AB— KKy ) = My Ca) = A Moo+ Cuo) + MI2(Co + G+ MK = K37 )(C = 3 Co)

1
FMIK K (C - 566 ] (22)

_ 1 1 1
A(By— KK) = _/\II:Ffs<a4 - Ealo) + Fff(% - Eas) + My + Mnfa)<c3 - ECQ)
1 - 1
+ (Mrll);s + Mrlzj}a)<c5 - §C7> + (Mnfa + [K*O - Kg()])(C4 - ECIO)

_ 1 1
+ (Mrf]%a + [K*O g KE;O])(Cé - §C8) + fBF}Z(aé - 5518)]. (23)

Similarly, the decay amplitudes of B; — K;*K*~ and B; — K;’K™ can also be obtained easily from Egs. (22) and (23)
with the replacements K* — Kj;, respectively, and with the dropping of term F” fz for the latter mode.
(3) The total decay amplitudes for B decays:

A(B,— Ky"K*™) = A [Fpa) + M, Cy + M, ;,Cy] — )‘;I:Ffs(a4 + ay) + Fﬁ(% + ag) + M, ;,(C5 + Cy)

1 1 . .
+ sz}s(cs +C;) + Mnfu<c3 - §C9 + Cy — §C10> + M, l[KG" = K*71(Cy + Cy)
1 1 . . 1
+ M’I:}a(CS - §C7) + Mrll)%a<c6 - ECS) + M’I;]%a[KS+ <« K ](C6 + CS) + fBi\.F}I‘)g(a6 - Eag)],
(24)
where A, = V¥V, and A, = V},V,, and
AB,— KO8 = A Frfas - Lay) + F2(ag — Lag) + M, + m,0(C; — e
s 0 t| I fs\ a4 2“10 fs\ 46 2618 nfs nfa 37 5%
1 _ 1
+ (Ml + Mf}a)<C5 - §C7) + (Mg + [K® = K*O])<C4 - ECIO)
3K 2 1 1

+ (M’I;fza + [KOO - K 0])<C6 - ECS) + fBSF})z%(C% - Eag)]. (25)

There are two other B decay channels, i.e., B, — K*"K;~ and B, — K™°K;?, whose decay amplitudes can be derived
from Eqs. (24) and (25) by the exchange of K < K", respectively. Certainly, the F }? term has no contribution to them
either. Note that, based on the discussions of the factorizable annihilation contributions F fa in Ref. [15], we here neglected
this term in the above decay amplitudes for the considered B — KjK* decays analytically.
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III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will present the theoretical predic-
tions for the branching ratios and CP-violating asymme-
tries for those considered B — KjK* decay modes in the
pQCD approach. In numerical calculations, central values
of the input parameters will be used implicitly unless
otherwise stated. The relevant QCD scale (GeV), masses
(GeV), and B meson lifetime (ps) are the following
[1,21,22]:

AV = 0250, my =8041,  my =528,
mg, =537,  m,=48 15 =164l
75, = 1519, 715 =1497,  mg =0.892,
mg-430) = 1.425. (26)

For the CKM matrix elements, we adopt the Wolfenstein
parametrization and the updated parameters A = 0.811,
A =0.22535, p = 0.131759%, and 5 = 0.34572912 [1].

A. Branching ratios

In this subsection, we will analyze the branching
ratios of the considered B — KjK* decays in the pQCD

TABLE L.

PHYSICAL REVIEW D 88, 094003 (2013)

approach. For B — KjK* decays, the decay rate can be
written as

GFmB 2 x T\ |2
B (1= 23 )| AB = KKOP @7)

where the corresponding decay amplitudes A have been
given explicitly in Eqgs. (21)—(25). Using the decay ampli-
tudes obtained in the last section, it is straightforward to
calculate the branching ratios with uncertainties as dis-
played in Tables I, II, and III for the considered decay
modes. The major errors are induced by the uncertainties
of the shape parameters w;, = 0.40 = 0.04 GeV for B, ,
decays, wp = 0.50 £ 0.05 GeV for B, decays, the scalar
decay constant f K; of the Kj meson, the decay constants

f(,? of the vector K* meson, the Gegenbauer moments
B;(i = 1,3) for the scalar K, the Gegenbauer moments
a;(i = 1, 2) for the vector K* meson, and the CKM matrix
elements V; (p, 77), respectively.

Based on the above numerical results of the branching
ratios given at leading order in the pQCD approach for the
considered decay modes, some remarks are as follows:

(1) Generally speaking, the theoretical predictions for

the considered decays in the pQCD approach have

The pQCD predictions for the branching ratios of B, — K;*K*® and K** K

decays in different scenarios: the first (second) entry corresponds to S1 (S2).

Decay modes Branching ratios

PR 15 83(0) 234 (Fre) T3 201B) 03 (a) 34 (V) 784 (a,) X 1077
u 0
3+8§(wb)+ (fK )+01 ))+0 '(B )+8}(a )“)O(V )+04(at) X 1076
B — K* [0 6.0%15(w,) 1 15(F K; o3 g))+ 1(B) 101 (a)153(V)1E3(a,) x 1077
! 0
‘ 1.5283(w0p) B34 i) 28 (D81 (B) 203 () 21 (V) 283 (a,) X 107
TABLE II.  Same as Table I but for neutral B, — KjK* decays in both scenarios.

Decay modes

Branching ratios

Bd — K;;()K*O + K*OIZEO

By/B; — KK (K*OK0)

Decay modes

64+8g(0)h)+12 K; )Jr
5. 9+0'6(wb)+{g(fl(*)+8g(f(n)+gg(3‘)+o' (a‘)+8‘%(vi)t8:6(at) X 1077
t%%(wb)-'—[o K; )+()6(f1( +04( )+02(a )+ (V')+0'5( 1) X 1077

23+8§( h)+()5(fK )+()1(f[< +8§( )+02( )+()1(V)+ (z)X1076
Branching ratios (107°)

D) +HL6(B)H08(a)*02(V) 02(a,) X 1077

2.8 93(w,) T §o(F i) S (D T8AB) (@) 34 (V) £ 80(a,)

By— Ky K™ + K"K}~

L. 1+8%(a)b)t0,3(fl(§)+
4.5 934 (w,) 85 (Fr) ™S (f<T>)+ 08(B) 03(a) T 3(V) S (a)
2 9+8Z(wb)+0 6(fK )+0 2(f(T)
L7T40H @) 33 k) 01 (Fe) *03(B) £ 81 (@) *84(V) 3 1 (a,)
L1 (@y) 33 k) 00 () 8B T 8(@) 81 (V) *39(a,)

By/Bs— Ky K*~

Bd/Bd - K*+K07

(T) +1. 1(3 )+0 1(‘1 )*00(V)+00(a,)

20(B,)*01(a,)02(V, )+0 (a,)
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@)

3)

TABLE III.

PHYSICAL REVIEW D 88, 094003 (2013)

Same as Table I but for strange B; — KjK* decays in both scenarios.

Decay modes

Branching ratios (1077)

1. 3+02(wbs HM(fK )+ (T)
1. 3+OA2(wbs)+
9+02(wb3)+o2 K;

4+(l) 9((1)hs)+ (.fKS)J:():z

B, — KOR™ + KK

B,/B; — K;°K*(K*K;?)
Decay modes

B,— K;'K*™ + K* Ky~
B,/B, — Kyt K*~

Bs/és - K*+K37

15t8;‘(wb¢)+
0.9 4@ §30F;
OJr(I)”7(wbs)+ (fk )+
09+°2(wbs)+ 3(Fx) 0 fKT))”‘(B)+ 1(@) 50V 53 (ay)

og(wb¢)+ (fK +33 K)+10(B)+ (ai)toj(vi)tl:z(at)

103B) I a) (V)G (a)

K +8i KT))+12(B)+ (-)+0'0(V-)+0'1(at)

+0.1

-0.1 T))+8 {(B )+0 l(a )+88(V )+o l(a,)
DYH09(B)*09(a)*99(V) 1 (a,)

Branching ratios (107°)

3k

L 3+02(‘0hs +0. z(f}( +0. i(f(T))HM(B )+0'l(ai)tgﬁ(l)(vi)tgﬁi(at)
oA 1< NFEBYGA(a)TGs(V T3 (a,)

B 8@ 9V )

(T))+ . (B-)+ . (a~)+0'1(V~)+(,8(a,)

relatively large errors arising from the still large
uncertainties of many input parameters.
Furthermore, the numerical results for the branching
ratios suffer more from the errors induced by the less
constrained hadronic parameters of the light scalar
K3, such as the scalar decay constant f K; and the
Gegenbauer coefficients B;(i = 1, 3). Additionally,
in this work, as displayed in the tables, the higher
order contributions are also simply investigated by
exploring the variation of the hard scale t,,,,, i.e.,
from 0.8 to 1.2¢ (not changing 1/b;,i = 1, 2, 3), in
the hard kernel, which have been counted into one of
the sources of theoretical uncertainties.

The pQCD predictions for the CP-averaged
Br(B, — K;*K*®) and Br(B, — K*"K}") are in
the order of 107° in S2, which are larger than those
in S1, and can be tested by the future B physics
experiments. Moreover, one can define the ratios of
the branching ratios of the same decay mode but in
different scenarios as the following:

Br(BM — K3+K*0)52
Br(Bu - K8+k*0)51

Br(Bu - K*Jrkgo)sz
Br(B, — K*"K{")s,

=62,
(28)

=25,

where the central values are quoted for clarification.
The above two patterns imply the different QCD
dynamics involved in the corresponding decay
channels, which can be tested with the future preci-
sion measurements.

The neutral B, decays include the pure penguin
contribution modes, i.e., B; — K*°K;? and B, —
K°K*™, and the pure annihilation contribution
channels, i.e., By — K**K;~ and B, — K;"K*~,
respectively. The analysis for these four decay
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modes are a little complicated, which is just because
both B, and B, can decay into the same final states
simultaneously; in other words, the final states in the
considered B, decays are not the CP eigenstates.
Because of the B, — B, mixing, it is very difficult
for us to distinguish the B, from the B,. However,
fortunately, it is easy to identify the final states in the
considered decays. We therefore sum up B,/B, —
K*K;0 as one channel, and B;/B; — K;’K*" as
another. Similarly, we will have B,/B,—
K**K;~ as one mode, and B;/B;, — K;*K*™ as
another. Moreover, following the convention by the
experimental measurements [1,39], we also define
the averaged quantity of the two channels, i.e.,
B, — KYK> + K;°K*® and B, — K*"K;~ +
K;*K*~. The same phenomena will also occur in
the decays of the B; meson.

The theoretical predictions on the branching ratios
of the B; meson decays in the pQCD approach have
been presented in Table II. For the pure penguin
Bd/Bd — KE:;OI?*O, Bd/Bd — K*OKE:;O, and Bd —
K;PK*0 + K*K;® channels, the pQCD predictions
for the former two decays show that the branching
ratios (about 2 X 107%) in S2 are larger than that
(about 5% 1077) in S1, which results in the
ratio Br(Bd/Bd g KSOK*O(K*Ok;o))sz/Br(Bd/Bd g
KPR (K™K Y))s, = 4.6; while the pQCD predic-
tions for the latter one in both scenarios are similar,
which leads to the ratio Br(B;, — KK '+
K;°K*0)g,/Br(B; — KK + K;°K*0)g, = 1.1.
Note that because of the charge conjugation be-
tween the pure penguin channels B, — Kj'K*
and B; — K;°K** and the domination of the real
contributions arising from the factorizable emission
diagrams, e.g., Figs. 1(a) and 1(b), in the considered
channels, the same branching ratios for
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By/B;— K’K™ and B;/B; — K’K*® modes can
thus be easily obtained, as presented in Table II.
Certainly, the similar phenomena will also appear in
the related B; meson decays.

As shown in Eq. (1), only a preliminary upper limit
for the B — K;(1430)°K*" decay is available now.
By comparison, one can easily find from Table IT
that the pQCD predictions in both scenarios are all
consistent with this upper limit. The branching ra-
tios in the order of 10~® and above are expected to
be tested in the near future B meson experiments.
For the pure annihilation B,/B,— Ky K™,
B,/B,— K**K;~,and B, — K;TK*™ + K** K}~
channels, as listed in Table II, the pQCD predictions
for the branching ratios in both scenarios are in
order of 107, Furthermore, one can find that the
numerical pQCD results for the branching ratios in
S1 are clearly larger than those in S2, which are
rather different from the situation of B; — Kj°K™0
and K*°K? decays. Although the charge conjuga-
tion also exists in the channels B, — K** K~ and
B, — K*“K}*, the interference between tree and
penguin topologies makes the decay amplitudes for
the considered modes different from those for the
B, meson decaying into two neutral final states,
which therefore give different branching ratios for
Bd/Bd—>K6k+K*_ and Bd/BdﬁK*-FK(')_ as
exhibited in Table II.

Additionally, one can define the interesting ratios
among the same decay modes but in different sce-
narios,

Br(Bd —_— K(>;+K*_ + K*+K8_)Sl o

= 2.5, 29
Br(B, — K K~ + K" K; s 29
Br(By/Bs— Kg* K* )1 _ 16
Br(Bs/Bs— Ky K™ )s: ’ (30)
Br(By/Bs— K™ Ky )s1 _ L5

Br(B;/B; — K" Kj )s3

where only the central values of the branching ratios
are considered for clarification.

Very recentlyy, LHCb [40] and CDF [41]
Collaborations have measured the pure annihilation
modes of charmless hadronic B meson decays, such
as By — K"K~ and B, — 7" 7, respectively. It is
therefore believed that such large decay rates [about
(1 ~5) X 107°] for the considered pure annihila-
tion decays in this paper could be tested by the
ongoing LHC experiments and/or the forthcoming
Super-B factory in the near future. Once the numeri-
cal results of the pure annihilation decays can be
confirmed by the future measurements at the pre-
dicted level, on one hand, which will provide much
more evidence to support the successful pQCD
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approach in calculating the annihilation diagrams;
on the other hand, which will provide more impor-
tant information on the sizable annihilation contri-
butions in heavy B meson physics and further shed
light on the underlying mechanism of the annihi-
lated B meson decays.

For the considered B; meson decays, all the
predicted branching ratios are in the range of
(1-6) X 1073, which can be seen in Table III and
will be tested by the LHC experiments. In terms of
the channels with the neutral final states, which are
the pure penguin induced decays, the branching ratios
for the averaged channel B, — KK + K*0K0
are equal to each other in two scenarios. The branch-
ing ratios for the two summed channels, B;/B; —
K°K*® and B,/B; — K**K; in S2, however, are
larger than those in S1 with a factor of about 6.

The pQCD predictions for the branching ratios for the
averaged channel B; — K;"K'~ + K*"K;~ are
similar in size in both scenarios. Analogous to the
decays with the neutral final states, the pQCD results
for B;/B; — K;"K*~ and B;/B;, — K** K~ in S2
are larger than those in S1 with a factor of about 4 and
6, respectively. These results are expected to be
examined by the measurements in the future.

For the considered pure penguin decays, B,/ —
K;°K*0 and K*°K;0, we get the ratios in two scenar-
ios between the branching ratios of B; and B
decays in the pQCD approach,

75, Br(B, — K’K* + K*K;0)

5, - 02 = 20.6,
TB, Br(Bd — KSOK*() + K*OKSO)
| B g Z 31

TB, . Br(BS/l?‘Y N Kf;olf*o(K*OI{gO)) e (31)
75, Br(By/By— KK O(KK))
in S1, and

75, Br(B,— KK + KOK) _ ),

TB, Br(Bd — KSOIZ*O + K*()KE;O) .4, (32)
75, Br(B,/B, — KPR(KKY) _ .

TBJ Br(Bd/Bd — KSOE*O(K*OESO))

in S2, in which the central values of the branching
ratios are quoted. From the analytical expressions
for the decay amplitudes of these B; and B, modes,
e.g., Egs. (23) and (25), one can easily find that the
main difference is just from the involved CKM
factors A, and A} with |A}/A,|> = 22.5.

Frankly speaking, the measurements at the experi-
mental aspect are not yet available up to now. We
therefore cannot make any judgments on whether
scenario 1 or scenario 2 of the scalar Kj is favored
by the considered decays. The pQCD predictions for
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the branching ratios of the considered B — K;jK*
decays will be tested by the LHC experiments
and/or forthcoming Super-B facility.

Here, based on the numerical calculations of the branch-
ing ratios, we also examine the effects coming from the
annihilation diagrams. In those considered B — KjK*
decays, when the annihilation contributions are not taken
into account, the relevant predictions on the branching
ratios in the pQCD approach are as follows:

Br(B, — K;TK*) = 7.8 X 1077,

_ (33)
Br(B, — K*"Ky)) = 6.1 X 1077,
Br(B; — K°K* + K*K3%) = 1.7 X 1078, (34)
Br(B,/B, — K°K*(K*K:) = 1.3 X 1075,
Br(B, — K°K* + K*0K?0) = 3.2 X 1077,
r( s 0 0) (35)

Br(B,/B, — K;’K*)(K*°K}0)) = 2.4 X 1073,
Br(B, — K;"K*~ + K**K;") =03 X 1075, (36)

Br(B,/B, — K;*K*") = 22X 1075,

_ 37
Br(B,/B, — K*"K;™) = 2.1 X 1073,
in scenario 1, and
Br(B, — K;TK*) = 1.8 X 107, (38)
Br(B, — K**K;%) = 1.5 X 1076,
Br(B; — K;°K* + K*K}?) = 3.4 X 1078, (39)
Br(B,/B; — K{’K*(K*K})) = 3.0 X 107°,
Br(B, — K°K*0 + K*0OK*0) = 3.0 X 1077,
r( s 0 ()) (40)

Br(B,/B, — K:°R*(K*K0)) = 5.4 X 1075,

Br(B, — K;"K*” + K*'K;7) = 07X 1075,  (41)
|

Al(B, — KyTK™) = {

A%i;)(Bu — K*+IZ30) = {

Note that these two channels exhibit large direct
CP-violating asymmetries in both scenarios in the pQCD
approach, which indicates that the contribution of the
penguin diagrams is sizable. Combining the large
CP-averaged branching ratios [@(107%)] in S2 with the
large CP violations, which could be clearly detected in B

43.6533(wp) 13 (i) T k) TRIBI 58 (@
—67.9185(w;) 125 (F k) 16 (Fx) 169 (BTG

PHYSICAL REVIEW D 88, 094003 (2013)
Br(B,/B; — K;"K*™) = 5.0 X 1073,
Br(B,/B, — K*"K;™) = 49 X 1075,

(42)

in scenario 2, in which only the central values are consid-
ered for estimating the contributions arising from the an-
nihilation diagrams in various decay channels. By
comparison, one can easily find the following points:

(1) For the charged B, decays, the weak annihilation
contributions play more important roles in the B,, —
K;* K than that in the B, — K** K°.

(2) For the pure penguin B, and B, decays, apart from
the B,/B, — K;’K*°(K*°K};°) in S2, other channels
are basically dominated by the weak annihilation
contributions,  particularly, for the B, —
K;PK* + K*9K;" modes.

(3) For other B decays, the significant contributions
given by the weak annihilation diagrams can also
be clearly observed. Of course, the reliability of the
contributions from the annihilation diagrams to
these considered decays calculated in the pQCD
approach will be examined by the relevant experi-
ments in the future.

B. CP-violating asymmetries

Now we turn to the evaluations of the CP-violating
asymmetries of B — KjK* decays in the pQCD approach.
For the charged B, meson decays, the direct CP violation
AYL can be defined as

| A = | AP
| A+ A

A, = 43)

where A, stands for the decay amplitude of B, —
K;*K* and B, — K*TK;, respectively, while A,
denotes the charge conjugation one correspondingly.
Using Eq. (43), we find the following pQCD predictions
(in units of 1072):

32.65103(wp) 04 (Fr) a0 (i) L28(B) 39 (a) 54 (Vi) 1 55(a,) - (ST)
—34. 9tig(wb)+05(fl(*)+ (fK*)th

DE3a) AV S a)  (52)

)116(Vi)39(a)  (SD)

. 45
2@tV iia,) (S2) @

factories and LHC experiments and will provide important
information for further understanding the QCD dynamics
involved in the considered scalar Kj.

As for the CP-violating asymmetries for the neutral
B,/ — KjK* decays, the effects of B/, — B/, mixing
should be considered. First, for B,/ /B, — K;’K*® and
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K*OK}0 decays, they will not exhibit CP violation in both
scenarios 1 and 2, since they involve the pure penguin
contributions at the leading order in the SM, which can
be seen from the decay amplitudes as given in Eqgs. (23)
and (25). If the measurements from experiments for the
direct CP asymmetries A%, in By/; — Ki'K* and K*0K*0
decays exhibit obviously nonzero, then this will indicate
the existence of new physics beyond the SM and will
provide a very promising place to look for this exotic
effect.

However, the study of CP violation for B, — Ki" K"~
and K*" K~ becomes more complicated as K;*K*~ and
K*TK§~ are not CP eigenstates. The time-dependent CP
asymmetries for B/, — K3~ K** decays are thus given by

T (Byys(A1) = Kg*K'%) = T(Byy,(Ar) — Ki*K")

“P T (B, (A1) — Ky K™) + T(By), (A1) — KL EK™)

= (A%, = AAYL) cos (Amyy ) At)

+ (Arél;;( * AAIB}}) sin (Am(d/s)At), (46)
where Amy, is the mass difference between the two
neutral B/, mass eigenstates, and At = tcp — ty,, is the
time difference between the tagged B/, (Bd/s) and the
accompanying B, /s (Bg/s) with opposite b flavor decaying
to the final CP eigenstate K3~ K** at the time #cp. The
quantities A%L(C;) and APR(S;) parametrize flavor-
dependent direct CP violation and mixing-induced CP
violation, respectively, and the parameters AAYL and
AADX are related CP-conserving quantities: AAYL
describes the asymmetry between the rates I'(B,/,—
K" K*")+T(By— Ky K**) and T(By,— Ky K**)+
I'(By,— Ky K*™), while AAPY measures the strong
phase difference between the amplitudes contributing to
Bg/s — Ki7K** decays. Here, we should stress that in the
definition of the above equation, i.e., Eq. (46), the effects
arising from the width difference of B, mesons have been
neglected for simplicity.

Following Ref. [42], we define the transition amplitudes,
for B, decays, for example, as follows:

A,_=AB;— K;TK*),

— — *— ikt
Ay = ABy— K K™) )
A,_=AB;— K;TK*),
A_, = A(B,;— Ki"K*),
and
qB erf qp jzl,Jr
Ay =—4 , Ay =—4 ,  (48)
! Ps, A ! Ps, A

where the vector K* meson is emitted by the W boson in
the case of A, _ and A _,, while it contains the spectator
quark in the case of A _, and A, _. Then one can get

PHYSICAL REVIEW D 88, 094003 (2013)

WP -1 A, P |A, P

AP+1 A, P+]|A, ¥

Adir _ AAdir — |)t—+|2 — 1 _ |ﬂ—+|2 - |~5ZL—+|2
CP cP = 5 = 3 >
|A7+| + 1 |ﬂ_+| + |./,Zl_+|

Aty + Mgy =

(49)

and

2ImA, - 2Im(e PP A, AY)
Ay > +1 AL >+ | A, _|?
2ImA_, _ 2Im(e PP A, A* )
AP +1 |A_ P+ A_L?

(50)

AB + AADE =

5

mix _ mix —
ACP AACP -

Owing to the fact that B, — K;=K** is not a CP
eigenstate, one must also consider the time- and flavor-
integrated charge asymmetry,

AP HIAL LA ALP
AL PHIA, PHIA P+ IA L
(51)

as another source of possible direct CP-violating asymme-
try. Then, by transforming the experimentally motivated
direct CP parameters A KiK* and AL, into the physically
motivated choices, one can obtain the direct CP asymme-
tries for B;— K;"K*™ and K; K*" modes as the
following:

_I(B,— K, K*™)—T(B,— K" K*")

A gt i = —
KoK T T(B,— K K +T(By— K;TK™)
kTP =1 Agr — AG — Agx A
|K+_|2+1 I_AA%;’_‘AKSK*A%];) ’
(52)
A o F(Ed—’K3+K*7) - F(Bd—’KgiK*‘F)
KK T T(B,— KT K*™) —T(B,— Ki ™ K*™)
_ k2 =1 _ Ag:xe + AdL + ﬂKSK*AA(g;J
™12+ 1 1+ AAG, + Ak AT,
(53)
where
K+7=@& *+=@£‘ (54)
Ps, A Ps, A

Note that the difference among Eq. (52) in this paper,
Eq. (161) in Ref. [42], and Eq. (5.20) in Ref. [43] is just
induced from the minus sign in the definition of direct
CP-violating asymmetry, i.e., A%, in Eq. (46). The
CP-violating parameters for the By, — K;j"K*~ and
K*TK;~ decays can be similarly defined.
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Based on the discussions on the CP violations in the above sector, we can present the numerical results of the considered

channels in both scenarios for the CP-violating asymmetries in the pQCD approach as follows:

‘AK*K* =

0

{45-4+17(wb>+85(fz<)+ AN 0T1B) (@) T3 (V) TELa)%  (S1)
46.1755(w,)03(fFk )+02(JC(T))+26(B)+O7(61)Jr V) 5i(a,)% (SZ)’

i { 57503 (w0p) 88 T0IUDB3B) @) 3V 3% (S1)
C L1605 @) T3 e D (B @) TV @)% (52)

A — {864t8§(w,,)+ W) D3 B T@) H (V@)% (S1)
700 ) ) BT 2B ) V) D (52)

- {—14.2+?2<wb ) A B §4 @) 3 (V) F @)% (S1)
cP )
10.098(w0,) 38T ) T 02(F N 33BN 28(a) 3 (V) 01 (a)%  (S2)

s {—mfgg(wb)* k) 0D TS BY @) (V) T3 @)%  (S1)
“ —28.1t5;0<wb>t0;5(fK;)+ (fm)w?g%Bi)t7;7<a,->t0;4<v,-)t0;0<a,>% (s2)’

AK;‘*K*’ =

{_73.23g(wb)+ (fK)+%zl;(f(T) (B)+146( +21(V)+ (a)% (S1)
~83.9707(w,) *08(Fx) TSI 3B T 12a) (V) 4@ %  (S2)

{43“ 3@p) S Fr) AN 08B @) (V) 48N % (S1)

Agg+ = ,

38.55 b (@) 108 (Fi) RN ES(B) T @) (V) 3 (a) % (S2)
for By — K;"K*~ and K;~ K** decays, and

A _{0Sié%<wbs>i°~6(f,<*>+2‘5(f<”)+ $(B) 8 1a) q0(V) 98(a)%  (S1)

K'K* — s

2033 3(wp,) 43T k) 0 (AN 1B 33(a) 08 (V) *85(a )%  (S2)

Ads — { 253 5) 30 k) 33D FB) @) R (V) 98 %  (S1)
—27.2548(w3,) 03 Fr) AN 8 (B) H45(a) TV 35 (a) % (S2)
Al — { 115730 (@s) "85 TS U T HEBI @) 3 (V) TR @)%  (S1)
cP ,
45.4530(@0ne) 0 x;) 5 ST B E(a) T AV A3 a) % (S2)
s — {365%2% V0T U (B T ) V) )% (S1)
CP ,
4+79(wbs)+ (ng)+ (f(T) 126(B)+ (ai)J—rOZS(Vi)t2:5(az)% (SZ)
AAm — { 623 168(@50) 03 (Fi)) 52N F0% (B 29(a) 39V *88(a )% (SD)
CP .
35,3530 (@p) 3T k) 25 BB 83 a) (V) T2 @)% (S2)
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(58)

(59)

(60)

(61)

(62)

(63)

(64)
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. [24583(@) i) Z3 U B @) R (V)R @)% (1)
A 20 5 TOR o LG +03<f<”)+ 2(B)T04(a) (V)T @)% (S2)

4. 1+854(wb3)+01(fl(* +61 (T) +59(B)+%gg( )+
A v =
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(67)

1(V)tig(a)% (S1)

(68)

—63.6" %7 (w,,,) *§4(Fx: )*44< ) r40B) @) TI3(V) 32 a)%  (S2)

for B, — K;"K*~ and K~ K*" decays.

For the direct CP asymmetries in the pure annihilation
B;— K;"K*™ and B, — K**K;~ decays as defined in
Egs. (52) and (53), for example, one can find from the
numerical results shown in Egs. (60) and (61) that their
signs and magnitudes are rather different in these two
modes within theoretical errors. In the former mode, the
direct CP violation is about —73% in S1 and —84% in S2;
while in the latter one, the direct CP asymmetry is 43% in
S1 and 39% in S2. It is clear that the magnitudes of
direct CP-violating asymmetries predicted in the pQCD
approach for these two modes in both scenarios are large,
which can be tested at the ongoing LHC and forthcoming
Super-B experiments, by combining the large branching
ratios [ ~ O(107°)]. Furthermore, once the predictions on
the physical quantities in the pQCD approach can be
confirmed at the predicted level by the precision experi-
mental measurements in the future, which can also provide
indirect evidence for the important but controversial issue
(See Refs. [25,26] for detail) on the evaluation of annihi-
lation contributions at leading power, one can ask whether
it is almost real with a tiny strong phase in a soft collinear
effective theory or almost imaginary with a large strong
phase in the pQCD approach.

IV. SUMMARY

In this work, we studied the charmless hadronic
By 45 — KyK* decays by employing the pQCD approach
based on the framework of the k; factorization theorem.
By regarding the scalar K] as the conventional ¢g meson,
then with the help of the light-cone distribution amplitude
of K; up to twist-3 in two scenarios, we explored the
physical observables such as branching ratios and
CP-violating asymmetries of the considered channels. It
is worth mentioning that, in this paper, as the first estimates
to the physical observables of B — KjK™* decays, only the
perturbatively short distance contributions at leading order
are investigated. We do not consider the possible long-
distance contributions, such as the rescattering effects,
although they should be present, and they may be large
and affect the theoretical predictions. It is beyond the scope
of this work and expected to be studied in the future.

|

From the numerical evaluations and phenomenological
analysis in the pQCD approach, we found the following
results:

(i) The considered B, — Kj*K** and K** K decays
exhibit large branching ratios [ ~ O(107%)] and
large direct CP-violating asymmetries in S2, which
are clearly measurable in B factories and LHC
experiments and are helpful to better understand
the QCD behavior of the scalar K in turn.

(i1) In the considered modes, only the preliminary upper
limit on Br(B; — Kj°K*°) has been reported by the
Belle Collaboration. The predicted results agree
basically with this upper limit and will be tested
by more precision measurements in the future.

(iii) Most of the considered decays are affected signifi-
cantly by the involved weak annihilation contribu-
tions. The predictions on large branching ratios and
large direct CP violations of the pure annihilation
processes B; — K;*K*~ and K** K}~ can be mea-
sured in the ongoing LHC experiments and forth-
coming Super-B factory, which will provide more
evidence to help understand the annihilation con-
tributions in B physics.

(iv) The By, — K’K™ and K*°K{ decays can be
viewed as a good platform to test the exotic new
physics beyond the SM if the obviously nonzero
direct CP violations could be observed.

(v) Generally speaking, the pQCD predictions for the
considered decays still suffer from large theoretical
errors induced by the uncertainties of the input
parameters, e.g., mesonic decay constants and
Gegenbauer moments in the universal distribution
amplitudes, which are expected to be constrained by
more precision data.
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